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SYMBOLS 
Three dimensional drag coefficient 
Three dimensional lift coefficient 
Three dimensional pitching moment coefficient 
Three dimensional yawing moment coefficient 
Three dimensional rolling moment coefficient 
Momentum coefficient, m V,/as 


Slope of curve of pitching moment coefficient with 
respect to lift coefficient 


Wall correction to drag coefficient 


Change in maximum lift coefficient due to blowing 


Wall correction to pitching moment coefficient 
Change in rolling moment coefficient 


Mass efflux, slugs/sec 
Nozzle position in percent of flap working chord 
Total pressure of jet as measured in nozzle block lb/ft? 


Free stream static pressure lb/ft? 
Free stream dynamic pressure lb/ft? 


Universal gas constant, 1715 ft®/(sec® °R) 
Wing area, ft? 
Jet total temperature, °R 


Jet velocity, ft/sec 
Wing reference plane 


Angle of attack as measured from fuselage reference 
line, deg 
Wall correction to angle of attack, deg 


Angle of sideslip, deg 
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Ratio of specific heats 
Aileron deflection angle, deg 


Flap deflection angle, deg 


Jet exit angle as measured with respect to flap 


hinge line, deg 


Absolute value of the difference between right 


and left aileron deflection, deg 
Angle of yaw, deg 
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SUMMARY 


The wind tunnel study presented in this report was undertaken to 
evaluate the concept of spanwise blowing over the wing flaps as a means 
of increasing the lift coefficient of a T-2C aircraft. To optimize the 
lift coefficient, the following parameters were varied: nozzle position, 
nozzle angle, flap angle and blowing momentum coefficient. In addition, 
data were taken to evaluate the effect of spanwise blowing on aileron 
effectiveness, elevator effectiveness and lateral stability. Gains in 
lift coefficient over the entire angle of attack range below stall were 
noted. These gains were the greatest for the slotted flap at its largest 
deflection of 53° and at 43° flap deflection with the flap slot closed. 
No substantial effect of spanwise blowing on the stability and control of 


the aircraft was observed. 
INTRODUCTION 


The concept of blowing high pressure air out of the fuselage 
over the tcp of the wing flap in a spanwise direction, as proposed by the 
Lockheed-Georgia Aircraft Corporation, is an attractively simple concept for 
increasing the lift coefficient of an aircraft. The data presented in this 
report were taken to evaluate the potential of this concept as well as to 
evaluate the flight characteristics of an aircraft employing such a system. 
The model tested was a 20% scale model of a T-2C aircraft and it was chosen 
because of the availability of a full scale T-2C for possible flight tests 
as suggested by Lockheed-Georgia. 


MODEL 


The basic aircraft model was a 20% scale model of a T-2A aircraft 
modified to represent a T-2C aircraft. The main difference between the 
T-2A and the T-2C is that the T-2A aircraft has only one engine while the 
T-2C has two. To provide space for the two engines on the "C" version, 
the lower half of the fuselage was widened while the rest of the aircraft 
geometry remained essentially fixed. 


To convert the T-2A model to a T-2C model, the external geometry of 
the lower half of the "A" fuselage was modified to represent that of the 
"c" version, While the "A" model had flow through ducting, the "C" model 
does not. Instead, the engine inlet areas were smoothly contoured into 
the fuselage. The basic model tested as installed in the tunnel is shown 
in Figure 1. Table 1 gives the basic dimensions of the model. 

In order for a deflected flap to clear the lower half of the widened 
fuselage, an inboard section of the flap was removed. A fillet was then 
added between the inboard section of the flap and the fuselage. This 
fillet forms a continuous surface with the flap deflected at 0°. The 
fillet on the wind tunnel model was a scaled version of the fillet actually 
carried on the aircraft. 

To incorporate spanwise blowing on the model, the fillet was removed 
and a nozzle plate, shown in Figure 2a, was attached to the inboard section 
of each flap. The five holes in the nozzle plate were located at 0, 12, 
24, 36 and 48% of the "working chord” as defined in Figure 2b. (An initial 
set of data was taken with the fillet in place.) Nozzle blocks, shown in 
Figure 3, were screwed to the nozzle plate with the nozzles of these blocks 
exiting from any one of the five holes of the nozzle plate. Figure 3 shows 
a picture of the nozzle set-up. 

There were four pairs of nozzle blocks made; each pair having a 
different angle (0, 10, 15 and 20°) between the centerline of the nozzle 
exit and the flap hinge line. (An additional pair of nozzle blocks was 
made without any exit to allow for calibration of pressure tares.) The 
nozzle exit diameter was 0.36 inches for all the nozzles and the nozzle 
centerline was one nozzle diameter above the flap surface. 

In order for the jet to exit in a constant orientation with respect 
to the flap for each of the different nozzle blocks and positions, a 0.36 
inch diameter drill bit was first inserted into the nozzle with the nozzle 
blocks loosely mounted on the nozzle plate. A set of shims was then placed 
on the flap surface under the drill bit and the nozzle block, with the drill 
bit in it, was rotated until the bit became parallel to and just contacted 
the shims. At this point the nozzle block was securely fastened to the 


nozzle plate. By using this procedure, the centerline of the nozzle, and 


thus the jet exiting from the nozzle, was parallel to the local flap surface. 
The nozzle block had a total pressure probe, shown in Figure 3, just upstream 
of the nozzle exit. 

Connected upstream of the nozzle block was a combination of rigid and 
flexible tubing (visible in Figure 3) which led to a plenum located in the 
aft lower section of the fuselage. The plenum was a steel cylinder 
measuring 2 3/4 inches inside diameter and 7.8 inches long, capped at both 
ends. The downstream end of the cylinder had a thermocouple and a pressure 
transducer (Figure 3) to measure the temperature and pressure in the plenum. 
The other end of the cylinder was connected to the large diameter flexible 
tubing (Figure 3) which brought the air up through the balance frame. 

Flap angles tested were 0° (with no blowing), 33°, 43° and 53°, as 
defined in Figure 2b. For the configuration with the flaps deflected the 
gap and overhang, defined in Figure 2b, were each set at approximately 2% 
of the local wing chord. 

All runs with the model in the tunnel were run with the vertical tail 
on. Lift coefficient optimization runs were made with horizontal tail off 
while stability runs were made with horizontal tail on. In addition, 
configurations with flap deflection were run with the flap slot open except 
where it is indicated that the flap slot was sealed. With the flap slot 
sealed, the flap was at the same relative position to the wing as with the 
flap slot open. The purpose of sealing the flap was to see if a sealed 
flap zap would provide a better working environment for spanwise blowing. 

If this were the case a comparable flap sealing modification would be made 
on the flight test article. 


TEST AND MEASUREMENTS 


This investigation was conducted in the Naval Ship Research and 
Development Center's 8 x 10 foot North Subsonic closed throat atmospheric 
wind tunnel. The majority of the runs were at a dynamic pressure of 30 psf 
which corresponded to a Reynolds number of 1.48 x 10°, based on a mean 
aerodynamic chord of 1.48 feet. Additional runs were made at dynamic 


pressures of 20 and 40 psf corresponding to Reynolds numbers of 1.18 and 
1.73 x 10°, respectively. No effect of Reynolds number on the data was 
observed. 

The model was mounted on a main strut and a pitch strut as shown in 
Figure 1. Six component data were measured by the external Toledo 
mechanical balance system. The mechanical measurements were then converted 
to electrical signals which were processed by a Beckman 210 High-Speed Data 
System, digitized and recorded on magnetic tape. 

In addition to recording the six component data, the pressures upstream 
of and at the throat of a venturi meter as well as the air temperature were 


recorded to calculate mass flow. Further, the total temperature and pressure 


in the plenum as well as the total pressure in the nozzle block were recorded. 


The latter pressure and the plenum temperatures were used to calculate the 
jet momentum coefficient (Cy. 


The jet momentum coefficient (c,) was determined from the following 


equation: 


cm "3/98 


The mass flow rate (m) was measured by a calibrated venturi meter in the 
main supply line. The jet velocity (v5) was calculated assuming isentropic 


expansion from nozzle block total pressure to free stream static pressure 


as follows: 


é uF 1/2 
ofp meee) (as) 


A full set of test data is presented in Appendix A. 
TARES AND CORRECTIONS 


The data were corrected for solid blockage. In addition the following 
wall corrections were applied 


l 
I 
i 
: 
i 
t 
I 
| 
| 
| 
| 
| 
| 
| 
| 
l 
' 


See 6 


ee A | 


da = .965 C, 
pe 2 
ac, = -0167 (C,) 
ACs = .0182 Cy (only with horizontal tail on) 


For all configurations wind-off weight tares were recorded and 
subtracted from the wind-on data in the data reduction routine. Additional 
tares were required to correct for the loads on the balance system when the 
air supply system was pressurized. The closed nozzle blocks mentioned 
earlier were connected, the system was pressurized to the various pressure 
values at which flow data would subsequently be run, and wind-off data were 
recorded. These pressure data were then subtracted from the corresponding 
components of wind-on data at the respective pressures by the data reduction 
routine, 

The design of the model air supply system made it impossible to perform 
the conventional model-erect, model-inverted, image-struts-in, image-struts- 
out test sequence for determination of flow angularity effects and aero- 
dynamic tares due to struts. Aerodynamic data were obtained on the struts 
installed on the test section in the absence of the model. As shown in 
Figure 4a application of these data as tares brought the results in closer 
agreement with T-2A data of Reference 1 for the zero-flap-deflection tail- 
off case. However, with the flaps at 43° the agreement was not improved 
(Figures 4b and 4c). Therefore it was decided to apply no strut tare 
corrections. Consequently, these results should not be directly translated 
into predicted aircraft characteristics, especially with respect to drag and 
stability characteristics. It is felt, however, that the presence of the 
uncorrected tares does not interfere materially with the primary purpose of 
examining the effects of the spanwise blowing system. 


RESULTS AND DISCUSSIONS 
LONGITUDINAL CHARACTERISTICS 


Lift 
A comparison of the lift variation with angle of attack for the basic 


flap deflections with no blowing is shown in Figure 5. As expected, with 


increasing flap angle, the slopes of the Cy vs @ curves remain constant ag 


the curves themselves are shifted upwards. However, for the flap deflected 


to 43° and the slot sealed there is a decrease in the Cy vs a Slope. This 


is probably due to the improved flow attachment of the slotted flap compared 
with the sealed flap. The characteristically sharp stall of this aircraft 
occurs at about the same angle of attack for all flap angles. It should 
also be noted that the removal of the fillet and replacement with the nozzle 
plate decreases the overall lift coefficient by about 0.025 while somewhat 
increasing Cy ° 
mAX 

An evaluation of the effect of nozzle position and jet exit angle on 


Cy is presented in Figure 6. For a given jet exit angle of 15° Figure 6a 


shows that for the nozzle positions available, the nozzle should optimally 
be placed at the 48% chord position with the flap slot open, while with the 
flap slot closed the nozzle should be moved forward to the 36% chord position. 
With the nozzle located at the 48% chord position and the slot open, the 
es ) is for a jet exit angle of 15° as 

X 


shown in Figure 6b. However, as the nozzle is moved forward to the 36% 


overall best gain in C) (but not C 


chord position the jet exit angle should be increased to 20°. 

These results are consistent with the hypothesis that the spanwise jet 
serves to energize the flap boundary layer and entrain flow coming over the 
flap. Thus, the high energy air incoming through the flap slot would need 
"assistance" from the spanwise jet further along the flap chord relative to 
the flap with the slot closed. In addition, if the jet exit position is 
moved forward the jet exit angle should be increased so that the jet can 
better focus on the rear portion of the flap where the flow is more likely 
to separate. Based on a preliminary evaluation of the test results, it was 
decided to evaluate the basic concept with the slot open, the nozzle at the 
48% chord position and a jet exit angle of 15°. Some further evaluation of 
the spanwise concept with the slot closed was also performed but unfortunately 
not at the optimum nozzle position or angle. 


The effects of = on lift coefficient for various flap deflections, 


with and without the horizontal tail and with the flap slot open and closed 
are presented in Figure 7 and summarized in Figures 8 and 9. From Figure 7 
it is seen that the stall angle or characteristic steepness is not 

significantly changed with blowing. It is also observed from Figures 7 and 


8 that there is an initially large gain in C with . up toa os of about 


L 


max 

0.015 but beyond this value of C_ the gain in Cy with C is not as pro- 
Be max ) 

nounced. This same initial gain is visible in Figure 9 where Cy is plotted 


as a function of a at two angles of attack below stall. 


Further analysis of Figures 8 and 9 indicate that the configurations 


that gain most in C, with increasing oo of spanwise blowing are the higher 


L 
flap angles (most notably 53°) and the flap with the slot closed. The reason 
for these gains is that the spanwise blowing energizes the flow so that the 
flow remains attached and the flaps can then perform almost ideally. While 
spanwise blowing also energizes the flow for lower flap angles, the gains 


in Cy are not as great because the difference due to flow separation between 


the unblown and ideal performance of these lower flap angles is not as large. 

During the test program it was learnt that the actual T-2 flies with 
ailerons uprigged 3° in their neutral position. A series of runs were made 
with the ailerons uprigged 3° and the data are shown in Figure 10. The 


effect of the 3° aileron deflection appears to be a decrease in Cy of about 


0.04 throughout the angle of attack range, with and without blowing. 
Corrections to data can therefore readily be made. All other data was taken 


with ailerons at 0° except where specific aileron deflections are noted. 
Drag 


Drag polars for the basic aircraft without blowing for various flap 
deflections are presented in Figure ll. As the flap angle increases so 


does the drag for fixed values of C Closing the flap slot does not appear 


5 
to increase drag whereas replacing the fillet with the nozzle plate does 


increase drag. 


The effect on drag by increasing Cy is presented in Figure 12. At 
lift coefficients below stall, as .. increases there is only a slight increase 


in drag for the slotted flap configuration as shown in Figures 12a and 12b. 
At or beyond stall a much more severe drag penalty is imposed by spanwise 
blowing. For the configuration with the slot flap closed, however, a 
substantially higher drag penalty is experienced at all lift coefficients 
with increase in a as shown in Figure l2c. 


Longitudinal Stability 


No substantial effects on longitudinal stability were noticed with 
the implementation of spanwise blowing in the T-2. Figure 13 preserts a 
summary of pitching moment slope (ac,,/ac, ) before stall as a function of 


blowing coefficient which indicates almost no effect on dc,,/ac, with 


increasing blowing coefficient for the flep at 43° with open slot with and 
without the horizontal tail. With the flap at 43° and flap slot closed 
with the horizontal tail off there appears to be a slight increase in 
stability with increasing blowing coefficient. 

The elevator characteristics for the T-2 aircraft with and without 
blowing are presented in Figure 14 while Figure 15 is a summary plot showing 
elevator deflections required for trimming with and without blowing. From 
these two figures one can conclude that spanwise blowing has no large scale 
effects on the trim characteristics of the aircraft. In fact from Figure 15 
it appears that there is even a slight reduction in elevator deflection 
required for trimming with blowing compared to without blowing. 


AILERON CHARACTERISTICS 


The aileron characteristics with and without blowing are presented 
in Figure 16 and summarized in Figure 17. Figure 17 presents the change 
in rolling moment coefficient as a function of the difference in deflection 
between the right and left aileron for configurations with and without blow- 
ing. No effect of spanwise blowing on aileron effectiveness is noted. 
North American (Reference 1) has pointed out that the severe rolling moments 


encountered at stall are due to asymmetric characteristics peculiar to the 
model. This may also explain the erratic behavior of the rolling and yawing 
moments for G = ,O17 shown in Figure 16b. 


LATERAL STABILITY 


The model was tested at three angles of yaw (0, -6, -12°) to determine 
the effect of spanwise blowing on lateral stability. Figure 18 contains a 
plot of yawing and rolling moment as a function of angle of yaw at a fixed 
angle of attack with and without blowing. It appears from this figure that 
the slopes of the Ch vs @ and C, versus 6B curves remain relatively constant 


with and without blowing and therefore it may be concluded that spanwise 
blowing has no substantially detrimental effect on lateral stability. 


CONCLUSIONS 


A subsonic wind tunnel investigation was conducted on a 20% scale 
model of a T-2C aircraft to determine the potential gains realizable from 
the implementation of spanwise blowing over the flaps of such an aircraft. 
In addition, the effect of spanwise blowing on the flying qualities of 
such an aircraft was to be determined. The investigation yielded the 


following conclusions: 


@ Increments of Cy on the order of 0.1 to 0.12 at blowing 
max 


coefficients (c,) of about 0.035 were realizable for the slotted flap at 


43° deflection. Gains of this magnitude were realizable over the entire 
angle of attack range before stall. 


e For the slotted flap at 53° or the flap deflected at 43° with 


slot closed, gains in C 0.16 to 0.18 were realized at ce of about 


L 
max 


0.035. Gains of this order were also realized for the entire angle of 


attack range before stall. 


@ No substantial effect on the stability and control of the 
aircraft due to the implementation of spanwise blowing was noted. 


} oo es NRE LR me 


ACKNOWLEDGEMENT 


The author wishes to express his appreciation to the Subsonic Wind 
Tunnel Crew of NSRDC's Aviation and Surface Effects Department for their 
valuable assistance during this investigation. Appreciation is also due 
to Mr. Charles Dixon of the Lockheed-Georgia Company for his guidance 
and assistance during the investigation. 


i 


10 


Rost ae =e at Ce em — — en | 


Petincneeet 


REFERENCES 


1. Cohen, M. H. and J. K. Kagawa, "Low Speed Wind Tunnel Tests of 
a 0.20-Scale Model of the T2J-l1 Airplane to Determine General Aerodynamic 
Characteristics and Duct Pressure Recovery Data," North American Aviation 
Ine. Rpt. NA-56-1296 NAAL-358, Vol. 2, 159 p. incl. Illus (Sep 1957). 


EL 


TABLE 1 


GEOMETRIC CHARACTERISTICS OF THE T-2 AIRCRAFT 
Full Scale Dimensions (Model Factor = 0.20) 


Wing 
Area, ft? 255.0 
Span, ft. (including tip tanks) 37.75 
Aspect ratio 5.0 
Taper ratio 0.50 
Chords: root (Wing Sta. 0.000), in. 114.198 
tip, in. 57.087 
M.A.C, (Wing Sta. 95.255), in. 88.86 
Fus. Sta. of .25¢, in. 216.7 
Wing Plane of .25@, in. 6.12 
Airfoil section: root and tip NACA 644212 modified 
Dihedral, deg. +3.00 
Incidence of root chord, deg. +2.00 
Aerodynamic twist, deg. -3.00 
Element about which wing is twisted, %c 25 
Sweepback angle of 25% elem., deg. 2.28 


Flap (Fillet not included) 


Type Single Slotted 
Area (total), ft? 50.0 
Span (one side), in. 102.5 
Root chord, in. 39.5 
Tip chord, in. 29.5 
Horizontal Tail 
Area, ft? 58.0 
Span, ft. 16.43 
Aspect ratio 4.5 
Taper ratio 0.5 
Chords: root (H.T. Sta. 0.00), in. 58.4 
tip 29.52 
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TARLE 1 (Continued) 


M.A.C. (1.7. Sta. 43.80), inc. 45.40 
Fus. Sta. of 258, 5 in. 422.35 
Wing Plane of 2505 yA ST 20 
Airfoil section: root and tip NACA 65A012 
Maximum Overall Fuselage Length, ft 38.7 
13 
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Line 2 


Note: Line 1 is a continuation \. \ 
of the straight line trailing. 
edge section of flap and ‘ 
line 2 is perpendicular to 
line 1 through the point 
of rotation of the flap. 
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Figure 2 - Concluded 
(b) Flap Nomenclature 
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Figure 3 - Schematic and Installed View of Nozzle Blocks 


21 


uotzoeTJeqd det ON - JJO 1teL (8) 
BYBC UOCTPETAY UBOTIeNY YZION YPTIM B38 OGUSN Jo uosyuedwop - 4 sunFTy 


22 


oft Peq0eTJeqd dely - JJO TteL (a) 
paenutzuoD - 4 aangty 


so] 
JJOTHLO= 9 gh = 28 


oft] P2VeTJeq deta - uO TTeL (2) 


ak 


4 C =0 q~ 30 psf Tail off 


1.8 
1.6 
1.4 
Lee 
1.0 
0.8 
2 
L 
0.6 
bp Run No. 
© O Fillet on 8 
| O 33 Fillet on 9 
0.4 © 43 Fillet on 6 
C 4 53 Fillet on 10 
4 43 Nozzle Plate on 12 
O 43 Slot Closed 25 
0.2 
| 
0.0 
-0.2 


Figure 5 - Lift Coefficient Variation with Angle of 
Attack for Various Flap Deflections 
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Figure 6 - Concluded 
(b) Nozzle Angle Variation 
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Figure 7 - Effect of Con Ch Versus Alpha Curves 


(a) Flap at 43° with Slot Open and Tail Off 
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Figure 7 - Continued 
(b) Flap at 43° with Slot Open and Tail On 
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Figure 8 - Variation of Maximum Lift 
Coefficient with Cy 
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Figure 9 - Variation of Lift Coefficient with 
C. at Fixed Angles of Attack 
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Figure 12 ~ Effect of C 
(a) Flap at 43° with Slot Open and Tail Off 
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Figure 14 - Elevator Characteristics 
(a) No Blowing 
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Figure 14 - Concluded 
(bo) Spanwise Blowing at a S of 0.04 
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Figure 15 - Elevator Deflections Required for 
Trimming With and Without Spanwise Blowing 
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(b) Flap at 43° with c 
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Figure 18 - Lateral Stability 
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